We present inelastic neutron scattering results on Li͓Mn 1. 94 
I. INTRODUCTION
Recently, various studies on the compound Li x ͓Mn 2Ϫy Li y ͔O 4 have been reported [1] [2] [3] [4] [5] [6] [7] [8] as this system shows good promise as a cathode material for a rechargeable battery. The parent material (xϭ1,yϭ0) is a hopping electronic conductor at temperatures above T V . At the Verwey transition T V , the charges become localized on the octahedral Mn ions and the system undergoes a structural phase transition ͑possibly driven by a cooperative Jahn-Teller distortion of the Mn 3ϩ -ion environment͒. Various chargeordered structures have been proposed 2, 4 for temperatures below T V . It is this transition at T V which renders the material unsuitable for its intended battery purposes because of poor cycling performance. However, substitution of Li on the Mn sites upsets the Mn 3ϩ -Mn 4ϩ balance and stabilizes 7 the high-temperature cubic spinel structure down to lower temperatures. On cooling down further, the magnetic moments associated with the Mn ions stop fluctuating, and a lowtemperature magnetic structure is reached. The structure of this phase is determined both by the underlying charge ordering which sets in at T V , as well as by the exchange coupling mechanisms between the Mn ions and the amount of frustration present in the system. Endres et al. 1 have reported the existence of a spin glass phase below T g ϭ60 K for the parent system and a decrease in T g with increasing y. On the other hand, Wills et al. 4 have observed the appearance of long-range antiferromagnetic order for the parent material ͑Bragg peaks in neutron diffraction data͒ at Tϭ60 K. Finally, Oohara et al. 5 have shown that the low-temperature phase of the parent material is a charge-disordered system, which does not exhibit spin glass behavior. In the latter study, the charge ordering pattern was determined from the momentum dependence of the spin fluctuations as a function of temperature.
In order to address these apparent discrepancies ͑which might be attributable to small differences in sample composition͒ and to determine the properties of the Li-doped material, we have investigated the spin dynamics of Li͓Mn 1.94 Li 0.04 ͔O 3.94 for temperatures T at 4ϽTϽ295 K by means of inelastic neutron scattering. Previous neutron diffraction results reported for this system 7 show that the structural phase transition associated with the charge ordering was entirely absent down to 4 K, indicative of the increased stability of the cubic spinel structure with Li doping. In addition, muon spin resonance (SR) measurements 9 performed on this material indicate that some sort of magnetic ordering takes place around Tϭ25 K.
II. EXPERIMENTS AND RESULTS
Our powdered samples ͑grain size ϳ25 m) were synthesized from Mn(CH 3 COO) 2 •4H 2 O and (LiOH•H 2 O). Calcination was performed at 650°C. Neutron diffraction 7 data have confirmed that the lattice structure is that of the cubic spinel between room temperature and 4 K, while no impurity phases were found. 7, 10 The average Mn valency was determined 10 to be 3.55 by means of the Jaeger-Vetter titration method. Assuming full oxygen occupancy, this result by itself would lead to yϭ0.04 for the Li content on the Mn sites. These values were consistent with the results of flame atomic adsorbtion spectroscopy. 10 In addition, the Li and Mn contents were determined by chemical analysis at two independent laboratories. The Li/Mn ratio was found to be similar ͑0.53 and 0.54͒ in the two tests, while the oxygen content deduced from these tests differed outside the margins of error. Assuming that the Li/Mn ratios were determined correctly in these tests and assuming the average Mn valency is indeed 3.55, while dropping the assumption of full oxygen occupancy, we arrive at a ͑narrow͒ range of possible sample compositions that would be within the allowed error margins ͑from Li͓Mn 1.91 Li 0.03 ͔O 3.9 , Li͓Mn 1.93 Li 0.04 ͔O 3.94 through Li͓Mn 1.95 Li 0.05 ͔O 3.99 ). As we show in the following, the results of our neutron scattering measurements also fall within this range. Bearing in mind this range of compositions ͑i.e., Li͓Mn 1.93Ϯ0.02 Li 0.04Ϯ0.01 ͔O 3.945Ϯ0.045 with interdependent errorbars͒, we will, in the following, refer to our sample as Li͓Mn 1.94 Li 0.04 ͔O 3.94 .
The neutron scattering experiments were carried out at the IN6 time-of-flight ͑TOF͒ spectrometer at the Institute LaueLangevin and at the rotating crystal TOF spectrometer RKSII in Delft. IN6 was operated with an incident neutron wavelength of 5.12 Å (ϭ2.37 Å for RKSII͒, yielding energy resolutions of 0.1 meV ͓full width at half maximum ͑FWHM͔͒ and 0.8 meV for IN6 and RKSII, respectively. The sample transmission ͑largely determined by the large Li-absorbtion cross section for neutrons͒ was 0.32 for the IN6 measurements and 0.55 for the RKSII measurements. The sample cell for the IN6 measurements was an annulus of 0.2 cm thickness with radius of 1.4 cm, while the sample holder for the RKSII experiments was a slab of thickness 0.55 cm.
For both the ILL and Delft measurements, sample plus container, empty container, and vanadium spectra were recorded. We give some typical results in Fig. 1 . Because of the large neutron absorbtion cross section of the samples, data reduction was slightly more involved than standard. First, all spectra were corrected for the time-independent background ͑the sloping dashed curve in Fig. 1͒ . The relative detector efficiency was determined from the vanadium reference spectra. The amount of sample in the beam was determined from the transmission coefficient. Given the geometry of the container, the spectra could then be corrected for selfattenuation, using standard ͑numerical͒ methods. 11 That is, the empty container spectra were multiplied by the angleand energy-dependent attenuation factor, and were in turn subtracted from the sample plus container spectra. The resultant spectra were then divided by the sample-attenuation factor. Thus, pure sample spectra were obtained, corrected for container and absorbtion, but uncorrected for instrument resolution and multiple scattering. The latter can be ignored because of the large absorbtion cross section compared to the scattering cross section. Examples of corrected IN6 and RKSII spectra are shown in Fig. 2 .
Finally, in order to ascertain the validity of the above procedures in the presence of large self-attenuation correction factors ͑of the order of 2-3͒, we have attempted to put the scattering cross section onto an absolute scale. This was achieved by comparing the transmission ratios of the vanadium and sample measurements ͑yielding the ratio of number of sample atoms to number of vanadium atoms͒ and normalizing to the known incoherent scattering cross section of 5.1/4 barn per vanadium atom per star radian. Doing so, we found that the amount of incoherent scattering from our sample ͑which was easily identifiable; see next section͒ was within 20% of the expected amount. Having so demonstrated the validity of the correction procedure, we could then use the absolute intensities for determining the magnetic moments on the Mn 3ϩ and Mn 4ϩ ions. We can identify three contributions in the neutron scattering spectra.
͑1͒ An elastic incoherent component. ͑2͒ A narrow ͑in energy͒ inelastic component whose width becomes less then the IN6 resolution function below Tϭ30 K.
͑3͒ A broad inelastic component, which remains identifiable down to 4 K.
We show examples of the three components in Fig. 3 . These three components, which we will discuss in detail below, make up all of the observed intensity of the neutron scattering spectra. The intensities and widths of the three components have been determined through a least-squares fitting procedure. In this procedure, we use a resolutionlimited central line and two ͑over͒ damped harmonic oscillator ͑DHO͒ line shapes for the two components that are Ϫ1 for the elastic channel͒ for Tϭ10 K ͑solid circles͒ and Tϭ70 K ͑open squares͒. Also shown are the corresponding empty container spectra ͑solid line͒ and the time-independent background ͑dotted line͒. The rise of the time-independent background with energy transfer is due to the ͑trivial͒ transformation from time of flight to energy transfer. The figure on the left shows equivalent spectra for the RKSII measurement ͓Tϭ25 K ͑solid circles͒, T ϭ100 K ͑open squares͒, and empty container ͑solid line͔͒ for scattering angles between 37°and 43°, qϳ1.8 Å Ϫ1 . Note the continuing presence of inelastic scattering at even the lowest temperatures.
FIG. 2. Sample corrected and normalized spectra S(q,E)
for Li͓Mn 1.94 Li 0.04 ͔O 3.94 as a function of neutron momentum transfer បq and neutron energy transfer E. The contour plots show the normalized intensities for ͓RKSII, Tϭ25 K ͑a͔͒, ͓RKSII, Tϭ295 K ͑b͔͒, ͓IN6, Tϭ30 K ͑c͔͒, and ͓IN6, Tϭ70 K ͑d͔͒. Note the superior energy resolution of the IN6 measurements. The resolutionlimited elastic features for ͑IN6, Tϭ70 K) and ͑RKSII, T ϭ295 K) are fully determined by the nuclear incoherent cross section.
wider than the resolution function, taking into account the thermal population factors. The DHO line shape has the advantage over the Lorentzian form used in the literature 5 in that the former has a well-defined area and second frequency moment. Thus we fit the dynamic structure factor S(q,E) to
with ␤ the inverse temperature in meV Ϫ1 and G q , q , A q,i , f q,i and z q,i the free parameters. The intensities and linewidths reported in this paper are those of the individual components of the fitting functions, as they show up in the dynamic structure factor. That is, the fitting parameters in Eq. ͑1͒ are not identical to the observed halfwidths and intensities owing to the presence of the temperature and energy dependent prefactor. Of course, the halfwidths and intensities can easily been computed for each component individually once the fit parameters have been determined. We show an example of the results of the fitting procedure in Fig. 3 .
The energy resolution for the RKSII measurements is broader than the intrinsic width of the narrow component at low temperatures, so that we fitted the RKSII data to the sum of a Gaussian and a single DHO line shape. At high temperatures (TϾ100 K), there was no improvement in the fit to the RKSII data employing two instead of a single DHO line shape. Therefore, the RKSII data were fitted to a single DHO form and Gaussian central line for all temperatures. We give the results ͑pertaining to the magnetic contributions͒ for the halfwidths and intensities based upon the fitting procedure in Figs. 4 and 5. In this figure, the ͑incoherent͒ nuclear contribution, as determined from the scattering data at the highest temperatures, was subtracted from the central Gaussian component so as to obtain pure magnetic intensities. While this procedure for removing the nuclear part of the scattering is adequate for most temperatures and q values, it does introduce ͑small͒ errors for the RKSII data sets at the lowest q values. The reason for this is the increased compressibility around the temperature where the charges become localized, which is, unfortunately, the only temperature for the RKSII FIG. 3 . Decomposition of the scattered intensity ͑error bars͒ for qϭ1.45 Å Ϫ1 and Tϭ50 K into three components ͓the dynamic structure factor S(q,E) is shown on a logarithmic scale͔. The sharp, resolution-limited elastic line ͑black͒ is given by the incoherent scattering of the sample at this temperature. The broadest component ͑light gray͒ remains present down to the lowest temperatures while the narrower component ͑medium gray͒ becomes increasingly more narrow with decreasing temperature, and freezes in ͑i.e., becomes resolution limited͒ at around Tϭ25 K. The fit ͓see Eq. ͑1͔͒ to the data is given by the solid line through the data points. data sets where we can identify the incoherent scattering as a separate contribution from the magnetic scattering. Therefore, we shall not draw any conclusions from the low-q behavior of the RKSII data sets at the lower temperatures. The IN6 data sets do not suffer from this drawback, since in this case the incoherent background could be determined at T ϭ70 K. The overall agreement between the IN6 and RKSII data is satisfactory, albeit that there are some small differences in the fitting parameters for the broad component. In particular, the broad component in the RKSII measurements appears to carry more intensity than the IN6 data at comparable temperatures (Tϳ30 K). We believe that this is because of the more limited range of energy transfer in the IN6 measurements, making the determination of the parameters for the broad component more cumbersome. We now discuss the three components in detail.
͑1͒ The elastic, incoherent component, representative of the self-correlation function of the Li and Mn atoms is present at all temperatures. The width, related to the diffusivity of the atoms, is less than the resolution width of IN6 at 70 K and of RKSII at room temperature. This implies that neither the Li nor the Mn atoms move on time scale less than 50 ps at 70 K and 5 ps at 295 K. This was to be expected, since SR measurements 8 on this sample have already shown that Li moves on time scales of the order of s. For both sets of measurements, the incoherent component is readily identifiable as the remaining elastic scattering at the highest temperatures ͑see Fig. 2͒ and does not significantly encumber the analysis of the other two components.
The measured level of incoherent scattering is ϳ2.5/4 barn/͑s rad*form unit͒ for both sets of experiments, while the expected level is some 20% lower at ϳ2/4 barn/ ͑s rad*form unit͒. The latter number is a combination of the incoherent cross sections of the Li and Mn atoms (1.72/4), augmented by isotope incoherent scattering to take into account the Li substitution on the Mn sites, and the distribution of the remaining Li over the 8a and 16c sites. 2, 4, 7 Since the absolute intensities of the various components form an essential part of our interpretation, we must look more closely at the implications of this 20% discrepancy. On the one hand, if the difference is caused by the large correction factors present in our normalization procedure, then this would imply that the absolute intensities of the other two ͑mag-netic͒ components would also be too high by 20%. This would not present a problem for our interpretation of the results for the other two components, since we will use the fact the the magnetic scattering intensities are already too low to allow the Mn 3ϩ ions to be in the high-spin state. On the other hand, if the absolute level of incoherent scattering is correct, then this has consequences for the sample composition, since the additional incoherence must be caused by oxygen vacancies. Matching the observed incoherent level to the number of oxygen vacancies, we find a 2.4% oxygen vacancy level, yielding a sample composition of Li͓Mn 1.91 Li 0.03 ͔O 3.9 ͑with sample composition Li͓Mn 1.93 Li 0.04 ͔O 3.94 at the edge of the error bars of the incoherent scattering level͒. In our discussion we show that a sample with oxygen deficiencies does not allow for an interpretation of the Mn 3ϩ ions being in the Jahn-Teller active high-spin state. We note that the correction procedures for the IN6 and RKSII data are uncorrelated, so that the fact that we find the same level of incoherent scattering for both data sets is encouraging in that the correction procedures have been carried out more or less correctly, despite the largeness of the attenuation corrections involved.
͑2͒ The ''narrow'' inelastic magnetic component becomes increasingly more narrow with decreasing temperature ͑see Fig. 4͒ , and freezes out around Tϳ25 K. The momentum dependence of the intensity of this component exhibits a broad maximum near qϳ1.4 Å Ϫ1 ͑see Fig. 5͒ . In contrast to the study on the parent material, 4 no intensity associated with true long-range order is observed ͑i.e., no Bragg peaks were observed͒. The freezing temperature of 25 K is the same as those reported in Refs. 6 and 8 for samples of similar composition.
͑3͒ The ''broad'' inelastic magnetic component ͑partially͒ remains present in the spectra down to 4 K. The continuing existence of spin fluctuations at these low temperatures has been noted before. 4, 5 As with the ''narrow'' component, the momentum dependence of the intensity of this component ͑see Fig. 5͒ exhibits a broad maximum near qϳ1.4 Å Ϫ1 . At Tϭ295 K, both the broad and narrow components barely show any structure with momentum, indicating that the response is almost entirely paramagnetic. The total magnetic intensity at Tϭ295 K is about 1 barn/͑s rad*form unit͒.
III. DISCUSSION
The paramagnetic cross section 12 for uncorrelated spin motions is given by The intensity of the magnetic scattering at Tϭ295 K shows very little q dependence ͑see Fig. 5͒ , indicating that there are no spatial correlations between the individual spin motions ͑paramagnetic behavior͒. We plot the paramagnetic response for the low-spin state as a solid curve in Fig. 5 ͑this curve shows the magnetic form factor, 13 but not the DebyeWaller factor͒. Clearly, our results reported in Fig. 5 , see previous section͒, we find 1.77 and 1.10 barn/͑s rad*form unit͒ for the cross sections corresponding to the high-spin and low-spin configurations, respectively. Again, our results are only consistent with lowspin Mn 3ϩ ions. Scaling the observed magnetic intensity to the nonoxygen vacancy level for the incoherent scattering would lead to an even lower value for the observed paramagnetic scattering. Also note that the overall level of intensity changes by only a small margin on cooling down to 150 K, indicating that our conclusions drawn from the data taken at 295 K are not invalidated by the proximity ͑in temperature͒ of the latter to the point where the charges become localized. Therefore, we conclude that the Mn 3ϩ ions in our sample are in the low-spin state.
At first glance, it is somewhat surprising to find Mn 3ϩ in the low-spin state, since this has not been reported before in the literature. However, it is known 2,4 that the Jahn-Teller distortions are very small indeed and of a more dynamic 4 than static character. Therefore, it could be feasible that small changes in sample composition might thwart the JahnTeller distortion completely, leaving the Mn 3ϩ ions in the low-spin state. We draw attention to the study by Jang et al., 6 who determined ͑from magnetization measurements͒ an effective Mn spin angular moment of (4.05Ϯ0.05) B for a sample of similar composition. This value is consistent with 40% -50% of the Mn 3ϩ ions being in the low-spin state.
We now discuss the temperature dependence of the linewidths and intensities of the two magnetic components. At the highest temperature (Tϭ295 K), the intensity of the magnetic scattering shows very little q dependence ͑see Fig.  5͒ , indicating that the system is in a paramagnetic state. As mentioned in the preceding, the absolute value of the intensity at this temperature is consistent with the Mn 3ϩ ions being in the low-spin state. The linewidths are very large ͑FWHM ϳ14 meV; see Fig. 4͒ , showing that the spins fluctuate on time scales of less than 1 ps.
On cooling down, one observes a slightly increased q dependence of the magnetic intensities ͑see Fig. 5͒ , reflecting the increased correlation of the spin fluctuations between neighboring Mn sites. The time scales associated with the spin fluctuations remain more or less unchanged down to T ϭ100 K ͑see Fig. 4͒ , while practically all of the scattered intensity is in the broad component. Thus, it appears that both Mn 3ϩ and Mn 4ϩ ions show similar behavior for T Ͼ100 K. There is barely any correlation between neighboring Mn ions, indicating that the temperature is higher than any of the Mn-Mn exchange interactions present. However, on cooling down further, we start to observe a difference in behavior between the Mn 3ϩ and Mn 4ϩ ions. While the linewidth of both the broad and narrow components decreases, the linewidth of the narrow component decreases much faster and becomes resolution limited for temperatures below T ϭ30 K. Meanwhile, the linewidth of the broad component is still of the order of 2 meV down to the lowest temperature. This shows that the system has both spins that are frozen in and spins that are still free to fluctuate at the lowest temperatures. with increasing Li substitution. Previous neutron scattering studies 5 lacked the energy resolution required to observe the presence of two components in the magnetic scattering. These results were interpreted as the spins partly freezing in, with some of the spin fluctuations persisting down to low temperatures. The present results clearly show that the freezing temperature is well defined for one type of spin fluctuations, which we have tentatively identified with the Mn 4ϩ spin scattering.
Another interesting aspect of the data is the behavior of the half-width of the two components at low temperatures ͑see Fig. 4͒ . While at high temperatures the linewidth shows a distinctive q dependence ͑rapid increase at low q values until it reaches a saturation value at qϳ1 Å Ϫ1 ), at low temperatures ͑30 and 50 K for the narrow component and 4 and 10 K for the broad component, respectively͒ the half-width does not depend on q in the region 0.4ϽqϽ2 Å Ϫ1 . This implies that long-wavelength spin fluctuations are just as long lived as short-wavelength fluctuations. This lack of an obvious length scale is what one could expect for a system near a phase transition. At present, we have no explanation for the oscillations observable in the half-width of the broad component, such as can be seen in Fig. 4 at Tϭ50 and 150 K.
The momentum dependence of the magnetic intensity yields information about the underlying charge ordering. Clearly, we do not observe any Bragg peaks associated with three-dimensional long-range order. As pointed out by Oohara et al., 5 organization of the charges into linear chains of either Mn 3ϩ or Mn 4ϩ ions would lead to the observation of a step function in the scattered intensity at qϭ/d Mn-Mn ϭ1.08 Å Ϫ1 , i.e., determined by the Mn-Mn distance d Mn-Mn in a tetrahedron. This is not observed in our data plotted in Fig. 6 , where we show the ''frozen in'' component at Tϭ10 K.
14 However, our data are consistent with the proposal by Oohara et al. that the ions form nonlinear chains with antiferromagnetic intrachain order and no interchain ordering. The neutron scattering cross section for chains of antiferrormagnetically ordered Mn ions ͓i.e., ͗S
In here, P i (r) is the chance of finding a spin at a distance rϭ͉r j Ϫr i ͉ away from the Mn atom of the same valency at position r i . For linear chains we would find P i (r)ϭ␦(r Ϫid Mn-Mn ), yielding the aforementioned step function behavior ͑see dotted curve in Fig. 6͒ . For nonlinear chains ͑charge-disordered case and average Mn valency of 3.5͒, we have that the two Mn 3ϩ and the two Mn 4ϩ ions occupy random corners of a tetrahedron ͑the so-called ice rule͒. Our average Mn valency of 3.55 is reasonably close to the ideal 3.5 valency so that we could expect a fairly similar process to take place in a system with small amounts of Li doping.
The computed scattered intensity, based on the P i (r) calculated for chain lengths of 25 ions, is plotted as the dashdotted curve in Fig. 6 . The qualitative agreement between the model and the data indicates that Li͓Mn 1.94 Li 0.04 ͔O 3.94 is a charge-disordered system, in which the Mn 4ϩ ions form antiferromagnetically ordered nonlinear chains below T ϭ30 K. The discrepancy for the lower q values is most likely the result of a departure from perfect antiferromagnetic order within the chains. We note that it is possible to improve the quantitative agreement by assuming that the ice rule is partly violated because of the excess Mn 4ϩ ions. For instance, adding an exponential decay to the perfect spincorrelation function of Eq. ͑4͒ determined by ͗S ជ i •S ជ j ͘ ϭ0.5 S(Sϩ1) for ͉iϪ j͉ϭ2, we find the solid curve rendered in Fig. 6 .
The Mn 3ϩ ions remain ͑partly at least͒ disordered down to 4 K ͑shaded area in Fig. 5͒ , with the scattering from the Mn 3ϩ spin fluctuations showing weak antiferromagnetic characteristics. That is, the part of the scattering that is not frozen in at the low temperatures (TϽ10 K for the IN6 measurements and Tϭ25 K for the RKSII measurements; see Fig. 5͒ shows an intensity pattern not unlike that of a nonlinear chain with antiferromagnetic intrachain interactions. Of course, the less than perfect agreement between model and data also indicates that the ground state sketched in the preceding is only approximate. The assumption that there is no interchain coupling and that there is no Mn 3ϩ -Mn 4ϩ coupling is far too much of an idealization. Also, one can expect, in view of the low dimensionality of the system, that the influence of zero-point spin fluctuations ͑despite the stabilizing residual interchain interaction͒ will remain substantial. Nevertheless, it does appear highly likely that nonlinear Mn 4ϩ chains do indeed exist in Li͓Mn 1.94 Li 0.04 ͔O 3.94 .
In conclusion, we have shown by means of inelastic neutron scattering that the Mn 3ϩ ions are in the low-spin state, indicating that substitution of ϳ0.04% Li atoms on Mn sites has made these ions Jahn-Teller inactive. Below the Verwey transition, the electrons stop hopping, but do not form a periodic charge-ordered structure. On cooling down, two distinctly different magnetic components are being observed, one of which leads to a spin-ordered state of nonlinear chains at Tϳ25 K, while the second component remains disordered down to 4 K. Experiments are in progress to investigate the spin dynamics in Li x ͓Mn 2Ϫy Li y ͔O 4 for a variety of x values and temperatures up to Tϭ350 K, using the highresolution IN6 spectrometer. FIG. 6 . The magnetic intensity of the ''frozen-in'' component of the IN6 measurements at Tϭ10 K ͑symbols with error bars͒. The step function ͑dotted line͒ is the expected intensity for antiferromagnetically ͑AF͒ ordered linear chains of Mn 4ϩ ions and the dashdotted line is the perfectly AF-ordered nonlinear chain ͓see Eq. ͑4͔͒, while the solid curve is the result for a nonlinear chain of AFordered Mn 4ϩ ions assuming an exponential decay in spin correlation.
